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High power Hall thrusters under development for deep space robotic and human explo-
ration missions have demanding lifetime and operational requirements that make thruster
life qualification challenging. The required burn times make it infeasible to conduct multi-
ple tests with durations exceeding the life requirement, and complex wearout phenomena
and the need for power throttling during missions complicate analyses and testing. The
traditional qualification approach, a single life test that typically demonstrates 50 to 100%
margin on the required lifetime, does not provide enough information to demonstrate low
failure risk. It is a weak source of statistical information about the location of the peak
in the failure probability distribution and provides no information on the width of the
distribution. Testing does provide information that can be used to validate physics-based
models of failure processes, however, and the combination can be used to assess mission
risk. Validated, conservative, deterministic analysis can be used to demonstrate that most
failure processes have such large margins that more detailed analysis is unnecessary. For a
subset of the failure modes a more detailed probabilistic analysis is required. Pole erosion
in a 12.5 kW Hall thruster is used as a detailed example of this qualification process.

I. Introduction

Solar electric propulsion (SEP) is a key technology for future human and robotic exploration missions and
is now an integral part of NASA’s vision for expanding human presence beyond low earth orbit. The high
specific impulse of electric thrusters enables order of magnitude reductions in the required propellant mass,
but at the price of burn times on the order of tens of thousands of hours.

NASA has launched two missions using electric propulsion for primary propulsion: Deep Space 1 (DS1) and
Dawn. Deep Space 1 was an experimental spacecraft designed to test twelve new technologies, one of which
was the ion propulsion system.!! The criterion for successful demonstration of the ion propulsion technology
was a total in-flight operating time of only 200 hours, although the thruster was actually operated for 16,265
hours? The ion propulsion technology for DS1 was developed by the NASA Solar electric propulsion Tech-
nology Application Readiness (NSTAR) project,® The objectives of this project included the demonstration
of an operational thruster lifetime that would be useful for near-term, deep-space science missions. Con-
sequently, a total of over 42,000 hours of ground-based thruster testing was performed under the NSTAR
project. At the time DS1 was launched a functional-model thruster had been life tested for 8,200 hours*
and the DS1 flight-spare thruster was approximately 500 hours into what eventually became a test of over
30,000 hours.?

*Principal Engineer, Propulsion, Thermal, and Materials Engineering Section, james.e.polk@jpl.nasa.gov
Copyright 2018 California Institute of Technology. U.S. Government sponsorship acknowledged.
tEngineering Fellow, Propulsion, Thermal, and Materials Engineering Section

1
Space Propulsion 2018 Conference
Seville, Spain, May 14—18, 2018



The Dawn mission, designed to rendezvous with the main belt asteroid Vesta and the dwarf planet Ceres,
was selected largely because of the success of the DS1 mission. The ion propulsion system for the Dawn
mission® employs three NSTAR thrusters with only one operating at a time. Two were required to process
the propellant load and the third was included as a spare for single fault tolerance, although operationally
thrusting has been split over all three thrusters. The Dawn project is nearing the end of its mission, having
mapped both Vesta and Ceres in great detail. The three ion engines have accumulated 9468, 22251, and
19141 hours of operation over power levels per thruster ranging from 0.5 to 2.3 kW and have processed a
total of 408 kg of xenon.

Since 2012 the NASA Glenn Research Center (GRC) and the
Jet Propulsion Laboratory (JPL) have worked jointly to ma-
ture Hall thruster technology for a 40-50 kW system to support
human exploration missions” This work has been supported
primarily by the Space Technology Mission Directorate under
the SEP Technology Demonstration Mission (SEP TDM) project
with the goal of providing flight hardware for the first user of a
high power electric propulsion system/®2 The Asteroid Robotic
Redirect Mission (ARRM), an ambitious mission concept that
would have been enabled by high power SEP, was the intended
target application until it was cancelled early in 201719 Work
with the ARRM project helped shape the requirements for the
system though, and a potential new user for a system similar
to that envisioned for ARRM is the Power and Propulsion El-
ement, a module providing propulsion for the proposed Lunar
Orbital Platform—Gateway. This vehicle, which would also in-
clude a crewed habitat, is being considered for operation in lu-
nar orbit to help develop capabilities for future human Mars
missions.

The technology program has focused on the development of a
thruster and power processing unit (PPU) for a 13.3 kW string.
Three of these strings (plus a spare string) would form a 40 kW
system. The Hall Effect Rocket with Magnetic Shielding (HER-
MeS), one product of the joint GRC-JPL development, incorpo-
rates a number of Hall thruster innovations developed over the Figure 1. The HERMeS 12.5 kW Hall
last two decades™ Three technology development units (TDUs) thruster.

like the one pictured in Fig. [T] were built for performance, envi-

ronmental, and wear tests, as well as focused risk reduction tests. The TDUs have demonstrated operation
at discharge voltages ranging from 300 to 800 V and discharge currents from 6 to 31.2 A. This corresponds
to power levels up to 12.5 kW, thrust levels as high as 680 mN, and specific impulses up to 3000 s13

a

The Advanced Electric Propulsion System (AEPS), which is being developed by Aerojet Rocketdyne as prime
and VACCO and ZIN Technologies as sub-contractors under a competitively-awarded contract, includes
design and testing of engineering development units (EDUs) based on NASA’s HERMeS thruster and PPU
development and a xenon feed system ™ The performance requirements for the AEPS are based on a subset
of the throttling envelope with voltages ranging from 300 to 600 V and a fixed discharge current of 20.8 A.
The lifetime requirement is 23,000 hours, which corresponds to a xenon throughput requirement of 1770 kg
per thruster and a total throughput capability of over 5300 kg for the 40 kW system. The advanced system
development is a coordinated activity with an integrated NASA /industry team. NASA is providing support
to Aerojet Rocketdyne in several areas, particularly testing, risk reduction and life qualification.

The target missions for the AEPS have very high operating life and throughput requirements, which makes
thruster qualification a significant challenge. The program incorporates several wear tests, including a
planned life test of 23,000 hours (100% of the life requirement), but does not have the resources to perform
multiple tests with durations exceeding the requirement. Given these limitations, the reliability of the
thruster cannot be established by statistical analysis of life test data alone. The need to throttle the
thruster over power profiles that have not yet been defined for future flight applications further complicates
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the qualification effort. To address these challenges the project is using a combination of wear testing and
modeling of critical failure modes. The objective of the thruster design and lifetime qualification is to identify
all potential failure modes, determine which can be managed by conventional conservative design and margin
testing, eliminate wearout failure modes where possible, and obtain sufficient information through testing
and analysis to demonstrate low risk for the critical failure modes.

In this paper we outline the approach traditionally followed for qualification of electric thrusters and discuss
why that approach is problematic for deep space electric propulsion systems, then describe the alternative
method for life qualification by a combination of testing and modeling. Examples from the SEP TDM Hall
thruster development program are used to illustrate the life qualification methodology.

II. The Traditional Approach to Life Qualification

Ideally, the reliability of electric propulsion systems would be established by testing a large number of
thrusters to failure, as shown in Fig.[2l These data could then be used to estimate the parameters describing
the failure probability distribution. Because of the long burn times required for low thrust missions, this
method is not feasible. Electric thrusters have typically been qualified for life by testing a single thruster for
the required duration plus some margin. This strategy is reviewed in this section.

A. An Overview of Industry Practice

Commercial industry uses electric propulsion
on a scale that dwarfs deep-space applications
and this disparity is expected to increase sig-
nificantly in the future as more and more com- Failure Probability Inferred
mercial satellites transition to electric thrusters. From Life Test Data
Current industry practices for the life qualifi-
cation of electric thrusters are therefore highly
relevant.

. .. . ® Pins Represent Failure
Commercial applications of electric propul- Times for Multiple

sion include north-south and east-west station- Thruster Life Tests

®
keeping, attitude control, momentum dumping,
de-orbit, and orbit raising. Typical AV require-
T
100 1

Failure Probability

ments are approximately 50 m/s per year for 0 20 40 60 80
stationkeeping of geosynchronous communica- Operating Time (kh)
tions satellites plus additional AV for a portion

of the orbit insertion with the EP system. The Figure 2. The ideal approach to life qualification.
systems that have been flight qualified for use

on western spacecraft include hydrazine resistojets and arcjets, the Xenon Ion Propulsion System (XIPS)
13-cm and 25-cm ion thrusters, the SPT-100 Hall thruster, and the XR-5 Hall thruster (previously called the
BPT-4000). Higher power engines such as the XIPS 25-cm and XR-5 thrusters are designed for two operat-
ing point—a high power mode for orbit-raising and a lower power mode for station-keeping and momentum
dumping. Extensive life-testing of these thrusters has been performed*?1% The XIPS 13-cm and 25-cm
thrusters have accumulated 37,204 hours and 20,565 hours of ground test experience, respectively .12

20

This section briefly summarizes the results of a survey of a number of propulsion system providers and
spacecraft integrators around the world. All commercial spacecraft customers require single-fault-tolerant
systems which can accommodate a thruster failure on day zero, a requirement that is met by including
redundant thruster strings. There are a variety of internal guidelines and standards as well as customer-
imposed requirements on thruster life qualification. None of these standards were developed specifically for
electric propulsion, and all apparently stem from one of two sources. The majority appear to be based on
an early Comsat requirement that thrusters be qualified for life by test with durations equal to 1.5 times the
required mission life. Some customers specify a margin of 30% instead of 50% (a test of 1.3 times the mission
life). These margins are generally applied to the worst case circumstance, assuming a thruster failure on day
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zero, and may be calculated in terms of thruster operating time or total impulse. The same requirement is
generally applied to the number of required thruster on-off cycles. Military customers require compliance
with MIL-STD-1540E, which specifies a test of 2 times the mission life. If this margin is applied to the
nominal mission life and cycles (assuming no thruster failures) it is less demanding than 1.5 times the worst
case mission life in terms of operating time, but generally more demanding in terms of cycles. An additional
margin of 15 to 30% is applied to this in some cases.

All industrial standards specify that life qualification tests are to be performed with qualification units
identical to the flight hardware. This requirement is designed to address experiences with engineering model
or breadboard hardware that exhibited differences from later production hardware. There is a general
consensus that thrusters should be tested with the most mature power processing hardware available (flight-
like if possible) to capture any influence of power supply characteristics on wear.

Commercial satellite customers require that spacecraft meet minimum mission success levels, and subsystem
suppliers are responsible for a quantitative subsystem reliability assessment. This is generally accomplished
using standard methods such as MIL-HDBK-217. It is not clear how these methods apply to electric thrusters
subject to complex wearout failure modes, however.

There is general recognition that a single life test does not guarantee thruster reliability in any statistically
significant sense. This issue is addressed in two ways. The first is the use of margins (the 30 to 50% margin
in test duration, for instance) to capture the uncertainties in unit-to-unit variability or intrinsic variability in
the wearout processes. The second approach is to perform additional testing for critical failure modes. This
is often done at the component level and in some cases accelerated test methods have been employed.

Commercial applications generally demand less throttling than planetary missions. Thrusters are designed
for a fixed operating point (the SPT-100 and XIPS 13-cm thrusters, for instance) or for a restricted set
of points—typically one for orbit-raising and one for station-keeping (the XIPS 25-cm and XR-5 thrusters,
for example). Arcjets are required to throttle because of propellant tank blowdown, and the profile varies
from application to application. For thrusters such as the XR-5 and XIPS 25- cm the original qualification
tests were conducted in two phases, one at each operating point, and the 1.5X requirement on duration or
impulse and cycles is followed for each phase. Arcjets were qualified with a test which represented a nominal
blowdown profile with a mix of short and long cycles designed to bracket the anticipated range. Additional
tests were performed to extend the life and to cover different duty cycles or thruster configurations. In some
cases with only small changes in throttling levels, the systems were qualified by analysis or similarity, without
retesting. There is no generally accepted standard for qualifying thrusters for a large range of throttle levels,
but the consensus is that testing should envelope the expected range and be designed to assess the risk due
to critical failure modes.

Physics-based models of known failure mechanisms are currently used primarily in the development phase to
improve the design and increase confidence prior to the qualification test. For example, Aerojet developed a
model of insulator wear and performed a number of wear characterization tests during development of the
XR-5. Models are also used to identify the worst case operating conditions to help design the qualification
test. More detailed modeling and tests may be triggered by an unexpected failure in a qualification test. For
instance, L3 performed a very detailed characterization of cathode heater failure mechanisms followed by
extensive qualification testing at the component level after a discharge cathode heater anomaly was observed
in the XIPS 25-cm life test.)” In some cases, failure models are used to justify minor design changes without
requalification. These models are validated with test data, which is sometimes obtained in component tests
and using accelerated test methods. Although accelerated testing is widely accepted for other subsystems,
the only accelerated test method currently used in thruster qualification is to increase the duty cycle by
shortening the off-time in cycled tests. This is considered representative of actual operation as long as the
proper thermal conditions at start-up are reproduced. Accelerated testing is being used increasingly to study
critical failure modes in various thruster components.

B. Challenges in Life Qualification for Electric Thrusters

Current industry practice is based on standards that govern chemical thrusters. Fundamental differences
in chemical and electric propulsion technologies, however, limit the usefulness of this approach. These
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differences include much longer required operating times, continuous pressure from mission planners to push
thruster operation to the lifetime limits, significantly different wear mechanisms, and operation over a broad
throttle range. These issues are discussed in this section.

1. Long Life Requirements Make Extensive Testing infeasible

Typical lifetime requirements for a chemical thruster on a deep space mission may be several hours; however
typical lifetime requirements for an electric thruster on the same mission may be several years. This fact
makes lifetime testing and life qualification much more difficult for electric thrusters. For example, the
development of the ion propulsion system for the Dawn mission® relied heavily on the 30,352 hour weartest
of the ion thruster® although it proved to be very difficult to perform and to keep funded for the five
years that it ran. Conducting long duration tests within the timescale of typical spacecraft development
cycles for near-term missions is extremely challenging. The Jupiter Icy Moons Orbiter (JIMO) mission,
although ultimately cancelled for budgetary reasons, provides an extreme example of the challenges posed
by planetary mission applications. JIMO was a proposed mission to explore Callisto, Ganymede and Europa
using nuclear electric propulsion technologies under development as part of the Prometheus Project. The
nuclear reactor-powered spacecraft proposed for this mission would have used six ion thrusters operating at
up to 30 kWe each for a 5 to 8 year interplanetary cruise phase, followed by a 4 to 6 year science observation
phase involving orbit transfers between the three moons. The high AV of this mission ( 50 km/s) would
have placed extraordinary demands on the propulsion system. The initial estimate of the required thruster
life was 83,000 hours. The standard approach of qualifying the thruster with a single test of 1.5 times
this duration, assuming a test duty cycle of 75%, would have necessitated an inconceivable 19 years of
testing. In this case, with no chemical propulsion alternatives and no realistic hope of qualification by test,
the project management accepted a different risk management strategy for the electric propulsion system
involving life qualification by a combination of long duration tests (as much as was realistically feasible)
combined with physics-based models of the critical wearout failure modes benchmarked by extensive and
highly instrumented component and thruster-level tests. The AEPS program is planning a test with 23,000
hours of operation which will last on the order of 3.5 years, and it will be a challenge to complete this before
the first use on a NASA mission.

2. High Reliability Cannot be Established by Limited Testing Alone

The current approach, testing a single thruster
for 150% of the required propellant throughput

over a throttle profile that is necessarily differ- Greatest risk of failure
ent from that ultimately used in a mission, is in- aﬁ‘;’ﬁ?ﬁ;ﬂﬁ%ﬁﬁfgigd
adequate to determine the wearout failure risk. > % Pins Represent

This approach is illustrated in Fig. [3] where a % Times for Voluntarily

life test of duration ¢ was suspended prior to 2 Suspended Tests

thruster failure. The “qualified” life is given by %

ty =trr/(1+ M). The traditional 50% margin 5 "Qualified"  Qualification

is obtained for M = 0.5. The problem with this & |%ar Tite  Life Test

approach is that the location and width of the -0

actual failure distribution is unknown based on W Margin

the information from the life test alone. It is ; Y : :
normally assumed that the failure distribution 0 20 40 60 80 100 120
is located as shown in this figure, but this may Operating Time (kh)

not be the case.

Figure 3. The traditional approach to life qualification.
For example, the SERT II thrusters were sub-

jected to substantial development and life testing prior to the launch of the flight experiment 197018 This
testing included 20,000 hours of component testing, three tests of approximately 1200 hours each, and two
long duration tests of 5169 hours (Test “T” )1 and 6743 hours (Test “M”). The mission objective for the
flight experiment was six months (4380 hours) of operation per thruster. Therefore, the life Test “M” demon-
strated 154% of the mission requirement. Two identical ion thrusters were flown on the SERT II spacecraft
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and neither thruster met the required operating time in flight. Thrusters 1 and 2 were operated for 3781
hours and 2011 hours, respectively, before developing unclearable grid shorts. The root cause of the failures,
sputter erosion of the accelerator grid near the neutralizer cathode, was identified prior to flight, but the
mitigation approach and subsequent life testing proved to be insufficient to protect against this failure. This
experience highlights a critical lesson. While the failure mode was known, the details of how the wearout
failure actually behaved were not. In his excellent summary of the history of the SERT II flight experiment,
Kerslake!® states that “The solution of adding a local double thickness to the accelerator grid provided suf-
ficient assumed life for the grid. The grid short problem caused by web fragments was not anticipated” The
subsequent failure investigation identified the critical behavior also summarized by Kerslake, “As the erosion
groove developed, web-like fragments of the grid were produced, broke off, and in ground tests were later
found at the bottom of the vacuum tank. In space where the ion thrusters were in near-zero gravity, the web
fragments (it was believed) would not fall away from the grids but would be electrostatically attracted and
spot-welded between the grids.” This highlights a second critical lesson, that life tests must be examined
critically for each failure mode to identify whether or not the ground test is conservative for that failure
mode relative to flight.

Relying on one test of 1.5 times the mission duration is equivalent to assuming that the failure probability
distribution for the critical failure mode is narrow (i.e. little variation in the time-to-failure from thruster
to thruster) and that the required mission life is far from the location of the failure distribution (defined by
some parameter such as the time of the peak failure probability or mean time-to- failure). There are two
problems with this approach in a quantitative sense. First, test data alone is a weak source of information
about the location of the failure distribution. Second, a single test provides no information at all about
the width of the failure distribution. For example, assume that the critical failure mode follows a Weibull
distribution like that shown in Fig. 2] or

1) )

where P is the failure probability, ¢ is operating time, 3 is the shape parameter and is related to the width
of the distribution (a larger § corresponds to a narrower distribution), and 7 is the location parameter (equal
to the peak in the probability distribution for large ). The Weibull distribution often provides a better
description of wearout failure probability than other candidates, such as exponential, normal, or extreme
value distributions?’

For N non-failure tests (i.e. tests which are terminated before the thruster actually fails) of equal duration
T the lower bound estimate of 7 with a confidence C' is?!

peT [_ln(lN_C)} (=1/8) @

Assume a relatively narrow failure distribution of 8 = 10, as shown in Fig. [ It is important to note that
there is no reason to assume a narrow or broad distribution a priori and no information from a single test
to indicate that it is narrow or broad, but we pick this value as an example. The best quantitative estimate
of n with a confidence level of 95% from the single 30,352 hour NSTAR thruster wear test is 27,200 hours.
It may seem surprising that the estimated peak failure probability occurs at a time somewhat less than
that achieved in the test, but this just reflects the fact that, in the absence of any other data, one cannot
conclude much with high confidence other than that a thruster will last about as long as it did in the single
test.

If the thruster looks good at the end of the test, it is tempting to conclude that it actually has much more
life capability. It is likely true that the estimate of the failure distribution location parameter n from a single
non-failure test is conservative, but the observation of relatively little engine wear does not by itself provide
any better quantitative estimate of 7.

Further, the conclusion that an observation of little engine wear implies high reliability is equivalent to
assuming that the duration of that test corresponds to a point far down on the left-hand tail of the failure
probability distribution. However, neither the location parameter 1 nor the width parameter 8 that actually
determine whether the test time is low on the left-hand tail can be quantitatively obtained from the data
from the single test. Three examples illustrate the danger in making this assumption.

6
Space Propulsion 2018 Conference
Seville, Spain, May 14—18, 2018



0.00020

Failure Probability

First, consider a near-threshold sputter erosion
in the NSTAR thruster discharge Cathode as- — Inferred Failure Distribution

sembly, which is driven by the potential of the 0.00015- Assuming B = 10

in the discharge plasma, and the double ion

content. Because the sputter yield increases so /

sion rate is very sensitive to small variations 000005

in energy. One life test in which the keeper T

or in which the amplitude of plasma potential 0 10000 . 20900 30000 40000
fluctuations is at the low end of the expected Operating Time (Hours)

cause the potential differences determining the NSTAR life test for an assumed shape parameter 8 = 10.
ion energies are low. One might conclude from

test of the same duration in which the keeper voltage is at the low end of the tolerances, the plasma poten-
tial fluctuation amplitude is somewhat higher, or the double ion content is higher, the erosion rate could be
erosion observed in the first test is misleading; the level of erosion observed in a single test is not a reliable
indicator of failure probability. The risk is driven by extreme sensitivity to what may be considered to be

process such as wear of the keeper electrode
¢ Single Non-Failure Test

keeper, the amplitude of potential oscillations /\

0.00010
rapidly with energy near the threshold, the ero-
voltage is at the high end of the allowed range 0.00000
range might exhibit relatively little erosion be- Figure 4. Example Weibull distribution inferred from the
this test that the demonstrated operating time is associated with low failure risk. However, in a subsequent
dramatically higher because of the sensitivity of the sputter yield to energy, perhaps leading to failure. The
normal variations in engine operating parameters.

Second, the experience with grid erosion in the SERT II program is a graphic illustration of how successful
tests may not represent low failure risk. In this case the ground testing environment differed from that in
space in an important way, and sensitivity to this parameter led to different behavior. The two successful
ground tests representing 118% and 154% of the mission requirement were followed by two failures in orbit
at times less than the requirement. Erosion that appeared to be acceptable in the ground tests was not a
true indicator of failure risk, which in this case was driven by variability in the environment (1-g ground
tests vs. near zero-g space environment).

Finally, the amount of wear observed at the end
of a test with a throttling profile may be very
sensitive to the particular profile chosen. For
example, if the thruster used in the 30,352 hour
ELT had processed the same amount of propel-
lant but not accumulated significant operating
time at low power, neutralizer orifice clogging
would not have been observed. The same neu-
tralizer design which experienced relatively lit-
tle degradation in this test may have failed in a
subsequent test or mission application if it in-
volved extended operation at low power. Simi-
larly, a test conducted mostly at an intermediate
power level might not exhibit much grid erosion,
but a test with the same xenon throughput ac-

cumulated at a mix of low and high power levels
near the perveance limit would experience much Figure 5. Narrow Weibull distributions (8 > 14) are neces-
p b sary for a single test of 150% of the mission requirement to

greater grid erosion. These two extremes show gemonstrate a high reliability (> 0.99) with high confidence
that it is even difficult to design a conservative (95%).

test by operating under the worst case condi-
tions. Without understanding the physics of failure processes and the sensitivity to throttled conditions, we
cannot rule out large variability due to different throttle profiles, even with similar throughput values.

o o N
/

w
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These three examples represent different types of intrinsic variability in the failure behavior, and therefore
the probability distribution over time. The first illustrated extreme sensitivity to variable engine operating
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parameters, the second demonstrated variability in the thruster environment, and the third showed variability
introduced by different throttling profiles. The greater the variability, i.e. the wider the failure distribution,
the longer the life test must be in order to demonstrate high reliability at the desired mission life. As
Fig. [5| shows, the typical test duration of 1.5 times the mission life demonstrates a reliability of 0.99 at 95%
confidence only if the 8 parameter is 14 or greater, which corresponds to a very narrow distribution for
the failure probability. Broader distributions, or greater variability, result in lower and lower demonstrated
reliability with a single non-failure life test of 1.5 times the mission life. The problem, of course, is that
the life test alone does not provide the information required to determine whether the failure distribution is
broad or narrow. With limited non-failure test data it is impossible to distinguish between high reliability
components and problem components that have just not failed yet. So, for spacecraft components such as
electric thrusters that have very long life requirements, it is not feasible to conduct many long duration tests.
The limited number of tests provides only a very poor estimate of the location of the failure distribution,
and little or no information on the width of the failure distribution. This results in an inability to establish
high reliability by testing alone.

3. Requirements Creep Tends to Erode Margins

Another key difficulty is that most deep-space science missions benefit from longer life thrusters. The
simplest, least expensive electric propulsion systems are those that do not need “extra” thrusters added just
to be able to process the required total propellant for the mission. The Dawn IPS is an example of the
case where an extra thruster had to be added because of the limited propellant throughput capability of
the NSTAR thruster. Each NSTAR thruster would have had to be capable of processing approximately 400
kg of xenon with a low risk of wearout failure in order to have deleted the third thruster and still meet the
single-fault-tolerance requirement.

Deep-space science missions that will use electric propulsion are those characterized by high post-launch
AV requirements (typically greater than 8 km/s) from the on-board propulsion system. If the post- launch
AV requirement is not at least approximately this high, then the mission will almost certainly be done
using chemical propulsion. Electric propulsion systems which are the least expensive and the simplest to
integrate and test are those with the fewest thrusters. This combination of high AV with the fewest number of
thrusters tends to push electric propulsion system designs to the limits of the thruster’s propellant throughput
capability. Changes that occur during the spacecraft development are likely to aggravate this situation as
illustrated by the Dawn mission.

Dawn was one of three missions selected in the

late fall of the year 2000 from the Step 1 Discov- 707 oo

ery proposals#? Prior to this, in the spring of 60

2000 a special review board from across NASA 5 Pms"m

was convened to assess the operational life ca- / \

pability of the NSTAR ion thruster. At this % * / \ .
review a detailed combination of analyses and g 20

test data were presented to support a recom- 3 / \ /
mendation that the NSTAR ion thruster could g Z/ step 2 Selection c%‘k/

be used up to a total propellant throughput of 2 10 /A o0 2Pr0 osalé

130 kg with a low risk of wearout failure pro- * o : PET - - |
vided the average input power to the thruster ‘_):couf‘b"sg - se'ftemb"m I
was less than 2.1 kW (the maximum thruster in- Siep Tiselecton ‘e TorminatedLie TestJune 26,2003

put power is 2.3 kW). At the time of this review Rl - '

the DS1 flight-spare thruster had been operated -30 -

in the extended life test (ELT) for 9,400 hours

and had processed 80 kg of xenon. The review Figure 6.. .Lif‘e margin demonstrated by test during the
board agreed with the recommendation that the Dawn mission development.

NSTAR thruster could be assumed in Discovery proposals to have a low risk of wearout after processing 130
kg of xenon, but made the strong recommendation that the ongoing life test be extended until the thruster
failed. The Dawn proposal stayed within the 130-kg throughput limit per thruster. By the time the Step
1 proposal selections were made the life test of the DS1 flight-spare thruster had reached 14,000 hours, the
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thruster had processed approximately 125 kg of xenon, and all electrical and diagnostic measurements indi-
cated that the thruster was in good health. As the ELT progressed, the thruster life margin demonstrated
by test increased up to the Project PDR as shown in Fig.[6] The Step 2 Discovery proposals were submitted
in the summer of 2001 and Dawn was one of two missions selected for flight implementation in December of
that year. At this time the thruster in the ongoing ELT had passed 20,000 hours, had processed 160 kg of
xenon, and still appeared to be in good health.

During the spacecraft development phase, the criteria for full mission success were modified. These mod-
ifications had a direct effect on the ion propulsion system (IPS). The change in mission success criteria
now required that the ion propulsion system be single-fault-tolerant through the completion of the orbital
operations at Ceres. Prior to this the IPS had to be single-fault-tolerant through only the completion of
the Vesta science phase of the mission. According to the trajectory analyses at the time, to complete the
Ceres operations required the IPS to process a total of 400 kg of xenon. The Dawn ion propulsion system
included three NSTAR ion thrusters and the single-fault-tolerant requirement meant that the system had to
be capable of processing this xenon through just two ion thrusters assuming the third thruster failed right
at the beginning of the mission. This change consumed most of the margin in life demonstrated by test, as
shown in Fig. [6]

In short, deep-space science missions are likely to require electric propulsion systems in which the thrusters
must be used to the limit of their operational life capability. The life qualification effort must therefore
determine the maximum propellant load that the thruster can process over the mission throttle profile with
a low risk of wearout failure.

III. Life Qualification by Analysis and Test

An alternative to reliability demonstration by test alone, with all the limitations noted above, is to use
a combination of testing, modeling, and analysis to provide confidence that a design has adequate lifetime
capability. In this case, the focus is on individual failure modes and the information used to assess the failure
risk comes from both experimental data and modeling. This approach relies on diligence in identifying all
critical failure modes. Potential failure modes are classified and screened, and the vast majority can generally
be handled by standard conservative design methods, margin testing, and quality assurance screening. A
small fraction of wearout failure modes typically remain as potential life limiters. The objective of the
approach is ultimately to estimate the location and shape (width) parameters of the failure distributions
associated with these critical failure modes and demonstrate adequate life margins.

A. The Role of Testing

Although the limited life testing typically feasible in electric thruster development programs is a weak source
of statistical information about the location and width of the failure distribution, it is a rich source of
information for identifying failure modes, determining the failure mechanisms, characterizing failure mode
behavior during the approach to failure, guiding the development of models, specifying model input pa-
rameters, validating failure models, and characterizing uncertainties in models and model input parameters.
These are critical steps in understanding how engines fail, which failure modes are important, and how much
uncertainty there is in a predicted engine lifetime. An important question is how many thrusters should be
tested and for how long.

If testing alone is used to determine reliability, a quantitative estimate of the number of test articles and test
duration required for a given reliability level R and mission life requirement ¢,, can be developed in answer
to this question. Assuming the failure probability can be approximated by a Weibull distribution (Eqn. ,
the reliability for operating time ¢ is given by

R(t) = exp [— (f’ﬂ . 3)

The lower C% confidence limit for the Weibull shape parameter 8 inferred from N tests of duration T
assuming none of them fail is given by Eqn.[2] Combining these relations yields the test duration in multiples
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of the required mission life T'/t,, as a function of the number of thrusters tested and the width of the failure
distribution 8. This is plotted in Fig. [7| for a reliability of 99% at 95% confidence for a range of 3 values.
This plot demonstrates that for failure modes with small § values (broader failure distributions) many tests
with durations considerably longer than the mission requirement are needed to establish high reliability.
This is the fundamental problem with relying on testing alone—it is unlikely that a deep space mission which
requires a lifetime of several tens of thousands of hours will have the time or resources to conduct more than
one test with a duration approaching the lifetime requirement.

Because the burn times for liquid rocket en-
gines are much shorter than those for electric

[$,]

thrusters, it is more feasible to conduct multi- §

ple life tests with durations exceeding the oper- g \

ational life requirement. In 2011 the JANNAF 3 4 g=3

Liquid Propulsion Subcommittee Test Practices & \\

and Standards Panel published guidelines for & \ B=4 \\\
liquid rocket engine testing23 They recommend 83 —

tests of multiple engines to determine the vari- % S~ _ %\\\\
ability from unit-to-unit and life test durations }% 9 D\_B; 6

of 2-4 times the required life to demonstrate 3 \ii\\\

adequate margin against failure modes such as 3 B=10 ‘ T

high cycle fatigue, which exhibits large scatter 4 Broald o D|s|tr|but|<I)nS

[N
N
w

in time-to-failure. In contrast, they recommend 4 5 6 7 8 9 10
only 20% margin in testing for ablative noz- Number of Thrusters Tested
zle testing, based on experience which demon-

strates that ablative nozzle erosion rates are less T 18ure 7. The length of testing required depends strongly

. on number of units tested and the width of the dominant
variable. failure mode. Curves represent 99% reliability at 95% con-

. . . fidence for a range of failure distribution widths.
The electric propulsion community does not yet

have sufficient test experience to make a simi- 3000
lar determination about the intrinsic variability o©
of most electric thruster failure modes. It may 2500 o /o
be possible, however, to assess the variability 2000 &3
of some wearout processes with modeling and © \
o\
1500 jf e
1000 Yo
O
500 N

tests. For example, the physical mechanism for
thruster wear is often erosion due to sputtering,
and a focused characterization of this process
for a given failure mode could provide enough

Computed Number of Failures

information to define the width parameter f. 0 \QQE

This characterization could be experimental, or 0 5o S e

it may employ properly validated models with 125 150 175 200 225 250 275
Monte Carlo analysis to assess the variability in Engine Throughput (kg)

time-to-failure that results from variability in

model input parameters. Then it would be pos- Figure 8. Number of engine failures observed as a function

N X . A of throughput at the time of failure in a Monte Carlo sim-
sible to quantitatively define the required test yjation of the electron backstreaming failure mode for the
duration and number of test articles to estab- Dawn ion thruster operated at full power./24

lish high reliability (although it may still not be

feasible to conduct that level of testing). For example, a probabilistic analysis of electron backstreaming
failure due to grid erosion at full power in the ion thrusters used in the Dawn mission®® yielded the dis-
tribution of failures as a function of engine throughput at the time of failure shown in Fig. This is a
symmetric distribution (because the distributions used to describe uncertainty in the input parameters were
symmetric), but it can be approximated by a Weibull distribution with a 8 of about 9. This is a fairly
narrow distribution, but it would still require a successful single life test almost twice as long as the mission
requirement to demonstrate 99% reliability at 95% confidence by test.

This question is much harder to answer if the width of the failure distribution is not known. In the alternative
approach, using a combination of limited testing and analysis, the wear testing must provide several critical
pieces of information. First, wear testing (and related experience) must expose all important failure modes
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so they can be analyzed. Second, it must reveal how wear processes evolve as the thruster approaches failure
to ensure that models capture behavior that deviates from that experienced early in life. Ideally, a test to
engine failure would be conducted to satisfy these requirements, although that may not be feasible. For a
thruster with substantial development history (such as ion engines and Hall thrusters), we recommend a test
of at least 100% of the mission requirement. Newer thruster technologies will require substantially more test
experience to adequately characterize the important failure modes.

B. The Role of Modeling and Analysis

In this method, models and simulations validated by data are used to predict the time-to-failure. If the
predicted time-to-failure is much greater than the mission life requirement and the uncertainties are relatively
small, that particular failure mode may not be considered credible. For cases where the predicted time
to failure is comparable to the mission life, techniques such as Monte Carlo analyses?! can then be used
to quantitatively determine the distribution of predicted failure times associated with variation in input
parameters. In Monte Carlo analyses like that shown in Fig.[§] a large number of simulations are conducted
with input parameters sampled out of distributions which represent the uncertainty in those parameters,
and the failure probability distribution is inferred from the predicted failure times. An important difference
between statistical analysis of test data and the Monte Carlo simulation approach is how the spread of
these distributions is interpreted. The spread in data is due to intrinsic variability (such as unit-to-unit
dispersions, variability in materials properties, and inherent stochastic behavior of some failure modes such
as crack propagation), experimental errors, and environmental effects. The distribution inferred from a
sufficiently large sample of life tests would more accurately represent the parent distribution of failures. In
contrast, the spread in predicted failure times based on modeling and simulation in a Monte Carlo analysis is
due to the intrinsic variability of the parent population plus uncertainty in the values of the input parameters
(which may be greater than the true variability). For example, the real variability in sputter yeild at a given
energy is likely very small, but the uncertainty in what that value is based on sputter yield measurements is
typically quite large2% The distribution determined by analysis therefore represents our lack of knowledge
about the failure process as well as the intrinsic variability.

As discussed above, testing alone is unlikely to demonstrate the required reliability. In contrast, modeling
and analyses can provide a quantitative estimate of failure risk, incorporating both the spread in the actual
failure distribution and our lack of knowledge about driving parameters and the physics of failure. This
capability allows projects to select the correct margin to control failure risk. In this case, the key question
is how much margin should be demonstrated by analysis if the life testing duration is only 100% or less of
the required mission life.

The role of margins is to guard against several threats: variability, unexpected changes in environment,
changes in requirements, and “unknown unknowns.” Because these threats are often unknown, it is difficult
to define what margin is required to ensure low risk. This is related to the problem discussed in the
previous section—it is not possible to establish testing requirements without knowing the width of the failure
distribution. This knowledge comes about mostly through hard-won experience, but it’s not clear that we
have enough experience with electric thrusters.

The traditional life qualification approach treats life limited by wearout failure modes as a quantity that
can be margined, with margin demonstrated in a single wear test. This is a reasonable approach for event-
consequent failure modes (those resulting from a single episode where a load exceeds a component’s capabil-
ity). These generally involve well-understood failure processes with well-characterized failure distributions,
and don’t require long duration tests to demonstrate margin. A life test is a very long single episode. This
approach is inherently high-risk for wearout failures because experience is generally insufficient to know
how broad the failure distribution is and how much margin must be applied, and being overly conservative
might result in qualified lifetimes that are unacceptably short. A single wear test, particularly if voluntarily
terminated, provides no information on the width of the distribution. It also provides no information on the
margin at operating points and/or environments not tested (space vs. ground, for instance, or with variable
input parameters).

To demonstrate margins in the context of life qualification, one must first determine the nominal time-to-
failure by analysis and testing. For a Weibull distribution this can be defined as the location parameter 7,
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which is near the peak in the failure probability curve. The margin is then defined as M = (n—1t,)/t,, where
t, is the qualified lifetime (so 7 = 1.5¢, represents a margin of 50%). The qualified life ¢, is defined to give
the required reliability (typically 0.99 to 00.999, or a failure risk of 1/100 or 1/1000) at a given confidence
level. The reliability as a function of the margin depends on the width of the failure distribution S (of

course):
R(M) = exp [ (Mi 1)6

This relationship is plotted in Fig. [J] for a range of distribution widths. As expected, wider failure dis-
tributions (lower values of ) require more margin. Limited testing cannot provide an estimate of § (or
an estimate of 7, without an assumed value of ), so the margin is selected on the basis of physics-based
modeling and analysis informed by testing. Demonstration by analysis that a thruster operated for a time
t, has a margin M for a particular critical failure mode guards against variability in the failure process (or
uncertainty in the analysis of the process). Sensitivity analyses performed with models validated by testing
can also be used to identify the biggest contributors to the lack of knowledge and guide investments in ad-
ditional modeling or focused experiments to reduce the uncertainty and the required margin. The modeling
and analysis are an attempt to make the unknown failure distribution known, but as noted above, there are
other threats. A project may choose to levy additional margin requirements to guard against these unknown
unknowns.

(4)

Properly validated models can also provide in-

sight into operating conditions and environ- 1.00
ments that differ from those tested. For ex- 0.99 | — — |
ample, it is generally not feasible to test the 0.98 =10
exact throttle profile used in a mission or get 0.974 Distrﬁassgr?; / (-
wear data at all relevant throttle levels. How- > (gg y\( -
ever, testing can be used to characterize the fail- 35 g5 / / \(B =
ure mode drivers over a range of throttle levels. & g, [/ A 2
Models can then be used to determine the wear 0.93 / / P=
for a given throttle profile, as was done in the 0.92 / / /
. . . 57 : B=3
analysis of the Dawn ion propulsion system. 0.91 / / /
Ground testing generally involves some differ- 0'90 / / /
ences in the environment compared to operation 00 02 04 06 08 10 12 14
in space. Margin

Modeling and analysis can be used to assess Figure 9. Reliability at qualified life t; for various failure
the impact of design changes. Design changes distribution width parameters 3 as a function of the margin.
are virtually inevitable, often as a result of the

lessons learned during the final wear test. Such changes could invalidate the wear test if it were the only
source of information. Validated models can be used to determine if the changes are benign or could affect
engine wear and are a critical part of delta-qualification efforts.

C. Combined Approach for Life Qualification

The combined approach involves first identifying and classifying potential failure modes. Conservative design
and margin testing can generally be employed for event-consequent failure modes, which are those due to a
single event in which a load such as stress exceeds a capability such as strength (in contrast to wearout failure
modes where damage is accumulated over a long period of operating time or cycles). Event consequent failure
modes include structural failures due to launch loads and possibly conditions where temperatures exceed
design limits, although in this case the coupling between temperature and wearout failure processes must
be considered. Other events which can lead to random thruster failures such as design flaws, workmanship
errors, materials flaws, and misuse can be managed with standard engineering practice.

The failure mode identification and characterization process should be a part of the design phase, The
philosophy should be to design for life, which involves pushing wearout failures well beyond the required
lifetime where possible. Examples of this approach include the application of magnetic shielding in Hall
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thrusters, which was developed to eliminate discharge channel erosion, and sizing hollow cathode orifices
to eliminate orifice erosion and recycle barium to prevent emitter failure. The thruster design can also
incorporate features to minimize the risk of certain workmanship errors or misuse.

For the dominant wear out failure modes, a combination of analysis and structured tests and experiments
are used to assess failure risk. This includes wear tests to identify failure modes and characterize failure
drivers, models validated by experiment to understand failure processes and predict time to failure, tests
and analyses to characterize variability in failure mode drivers and model uncertainties, and probabilistic
methods to predict the uncertainty in the time to failure. These activities result in an assessment of whether
the thruster can meet the mission life requirement with the required margin. The following sections describe
the approach in more detail.

D. Identifying Failure Modes

Missing a critical failure mode renders this approach useless, so identifying potential failure modes is a key
first step. There are many sources of information on potential failure modes. Experience from hundreds of
thousands of hours of electric thruster testing shows that most important failure modes produce some signs
early in testing. For example, inner front pole texturing by sputter erosion was observed in two 150 hour tests
of the H6 Hall thruster 28 This process was subsequently shown to be a critical wear process for magnetically
shielded Hall thrusters2d Cathode keeper-to-cathode shorts were identified as a potential failure mode in
the first 8200 hour test of the NSTAR ion thruster, and were then observed in longer duration tests of the
NSTAR and NEXT thrusters 2228 As noted above, differences in test and flight environments can impact
wear rates. It is therefore important to understand and control for facility effects such as ambient pressure
and carbon backsputter on performance and failure mode drivers.

Experience from other development programs is also important, including wear processes observed in previous
thruster tests and in other related devices. For instance, the cathode used in the AEPS Hall thruster is
similar in design to the space station plasma contactor and the NSTAR and NEXT discharge cathodes.
Wear processes observed in those programs are being considered potential failure modes for the AEPS
cathode. The technology base for processes such as welds and brazes and materials data can provide clues
to potential thruster failure modes and engineering analyses such as structural and thermal modeling may
point to potential problems.

Finally, there are structured approaches to failure mode identification such as Failure Mode and Effects
Analysis (FMEA) and Fault Tree Analysis (FTA). FMEA is a bottoms-up approach that starts by identifying
component functions and mechanisms that could lead to loss of function and then traces the impact of
those failures on the assembly, subsystem, and system. FTA is a top-down approach that starts with
possible system failure modes and traces them down to potential mechanisms in individual components. Both
are important tools for documenting failure modes gleaned from test experience, materials and processes
data, and modeling as well as brainstorming potential failure modes that have not yet been observed in
testing.

E. Classifying Failure Modes

Figure [I0] shows several possible classifications and corresponding control methods. The first categorization
is by type of cause: event consequent or wearout. As discussed above, this is an important discriminator
between failure modes that can often be dealt with by conservative design and margin testing and those
that require more complex treatment. A second categorization divides failure modes by when the root cause
of the failure process occurs. Failures can be inherent in the design, and we distinguish design flaws from
poor material choices. Design analysis, materials testing, development tests, and ultimately qualification
tests should screen out most improper designs. A sound design may be improperly manufactured. In
this case we distinguish material flaws, workmanship errors, issues with processes as particular causes of
failures. The standard quality assurance practices; including inspections, material testing and certifications,
and acceptance tests; should be designed to detect and prevent manufacturing flaws. Finally, assuming a
good design has been properly manufactured, it may still fail during use due to unexpected environments,
wearout, misuse, or mishandling. The latter can generally be avoided with good design and engineering
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CLASSIFICATIONS CONTROLS
e Classification based on type of failure cause

— Event consequent: failure due to a single ‘ Can generally be handled with deterministic design and
event in which “stress” exceeds “strength” margin testing

— Wearout: loss of function due to gradual ‘May require more complex analysis and testing
damage accumulation

¢ C(Classification based on when root cause occurs

— Design (improper design) pss——) Design analysis

e Design flaw (D) Materials testing
e Poor material choice (MC) TDU/EDU tests
e Requirement misspecification* Qualification tests
— Manufacturing (proper design improperly
made) Inspections
e Material flaws (MF) Material certifications

Component tests
Acceptance testing

e Workmanship errors (W)
* Process problems (P)
— Use (proper design, properly built, improperly
used or unavoidable aging)
¢ Different environment (E)

Wear tests
Accelerated tests

« Wearout (WO) Analyses and structured tests
e Misuse*
« Mishandling (MH)* *Not generally dealt with in thruster life qualification

Figure 10. Failure mode classification and corresponding controls.

controls. Careful consideration of environments during the design and test phase is critical. In addition to
potentially important differences in ground test and flight environments, thrusters used in deep space may be
subjected to unusual conditions (the dust environment around small bodies, for instance). The classification
process should be designed to help identify the subset of life-limiting wearout failure modes that are the
focus of the life assessment.

F. The 12 Step Program for Managing Wearout Failures

The process for managing wearout failures is summarized in Fig. The critical first step is to identify the
relevant failure modes, each of which must be dealt with in the following steps. The focus of steps 2-7 is
to understand the physics of failure for each mode. Ideally this results in sufficient insight to eliminate the
failure mode by design. If not, a deterministic calculation of the time-to-failure (step 8) may yield a time so
far beyond the lifetime requirement that the failure mode is not credible, even with conservative estimates of
the uncertainty or variability in the failure process. For the remaining, life-limiting failure modes a detailed
assessment of the uncertainty and variability is required to determine the failure risk, which is the objective
of the final four steps.

IV. Current NASA Practices for Deep Space Missions

A. The Dawn Mission and Ion Thruster Lifetime

Because the Dawn lifetime requirements were very close to what had been demonstrated in test, it was
critically important to assess the risk of wearout failures for the NSTAR ion thruster as implemented on
Dawn. This assessment made use of over 58,000 hours of ground and flight test experience with the NSTAR
thruster design including the 30,352-hour life test of the DS1 flight-spare thruster and 16,265 hours of in-
flight operation of on DS1. This extensive test experience along with the substantial body of ion thruster
life test information in the literature dating back to the early 1960s was used to identify all of the key
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The full 12-step program: Offramps:

1. Identify the relevant failure modes

2. Identify the fundamental physical mechanism for the n
failure process
3. Define drivers of the failure mode
4. Develop a model of the failure process
5. Validate key model components experimentally Modify design to eliminate
6. Characterize drivers in the thruster B ‘ failure mode (ideal)
a. Define model input parameters
b. Understand margins—sensitivity to variations in
thruster operating conditions
7. Determine the effects of environment (ground/space, If time-to-failure is far beyond
component/thruster, etc.) - mission requirement and
8. Develop a deterministic failure prediction — uncertainties are small, this
9. Quantify intrinsic variability and uncertainties in may be sufficient

model input parameters
10. Determine model uncertainties/limits of applicability

11. Perform probabilistic risk analysis if necessary Full process required for
dominant failure modes with

12. Quantify life margin ETTTTT———) significant uncertainties

Figure 11. A prescription for determining margin by analysis.

wearout failure modes with high confidence. The first wearout failure mode for the NSTAR, ion thruster
at full power was identified during the ELT. In January 2003, after 25,700 hours of operation, and after
processing 211 kg of xenon, the DS1 flight-spare thruster could no longer be operated at full power due to
electron-backstreaming® The thruster had been tested to failure as requested by the review board three
years earlier. The thruster, however, was still fully functional at lower throttle levels and the test was
continued for another 5,000 hours before being terminated for non-technical reasons. This test provided a
wealth of data on the engine failure modes and how they behaved as the engine approached failure. However,
it was very difficult to keep the test funded for the five years required to accumulate this much operating
time. This single wear test had five different funding sources over this time.

To assess the wearout failure risk for Dawn all of the key failure modes were addressed. Conservative
assessments or deterministic models were used to conclude that there were significant margins for all of
the failure modes except for electron-backstreaming due to accelerator grid erosion. For this failure mode
a detailed semi-empirical assessment based on the results from the ELT was used in a probabilistic failure
analysis (PFA) to quantify the risk for the worst case use of the thrusters (i.e., where the entire mission
is performed with just two thrusters)* The results of this analysis are similar to those for full power
operation shown in Fig. This analysis showed that the probability of a wearout failure due to erosion
of the accelerator grid resulting in electron-backstreaming was less than one percent if the entire Dawn
mission is performed with just two thrusters, and the two thrusters are the worst two based on the thruster
acceptance test data. The PFA, in this case, was used to make a convincing case that the risk for reducing
the margin relative to the single long-duration ELT was acceptable.

All three thrusters have operated flawlessly and there has been no evidence of engine degradation. The Dawn
development and flight experience demonstrates that it can be difficult to maintain programmatic support
for very long wear tests and also difficult to maintain test margins as a project evolves. However, the focus
on testing to understand the dominant failure modes coupled with modeling provided sufficient information
for the project to make informed decisions.
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B. The Proposed Life Qualification Standard and The JPL Design Principles

The lessons learned from Dawn and other development programs were codified in a proposed standard
developed for the American Institute of Aeronautics and Astronautics (ATAA) to help guide the electric
propulsion community in the life qualification process?%2% The standard was not ultimately adopted by
the ATAA, but has been provided in the Announcements of Opportunity for NASA’s Discovery and New
Frontiers competed missions as guidance for proposers.

The requirements developed for the standard include the following:

D. GENERAL REQUIREMENTS

A thruster shall have a service life of 1.5 times the worst-case planned mission usage. The service
life shall be validated through a combination of testing and analysis, demonstrating a non-failure
probability due to wearout of greater than 90%, including modeling uncertainties and assuming
the thruster is operated for 50% more time at every throttle level over the expected mission
profile. Throttle points may be grouped provided the worst case operating point is used for the
group. Lifetime qualification can be completed by test alone, eliminating the analytical model
requirement 5.4, provided a sufficient number of tests are performed to establish the location of
the failure distribution.

E. DETAILED REQUIREMENTS

1. Failure Mode Identification and Understanding

The behavior on approach to failure shall be known for all of the significant failure modes over
the applicable throttle range.

2. Minimum Test Experience

A test of a Development-Model fidelity thruster, or better, shall be executed in a relevant
environment over the intended throttle range under nominal operating conditions and shall
demonstrate an equivalent or greater accumulated damage, with emphasis on the progression
of the first failure mode, than any individual thruster is anticipated to be subjected to for the
proposed mission. Thruster level testing shall demonstrate a total impulse greater than or
equal to 100% of the worst-case planned thruster usage. Cycle testing shall be completed at
the thruster or component level with a minimum of 150% of the worst-case expected number of
cycles demonstrated by test.

3. Engineering Model Hardware Tests

Extended-duration testing with an Engineering Model fidelity thruster or better must be
performed to verify that the flight thruster life characteristics are consistent with expectations
and to identify any significant failure modes that are sensitive to fabrication processes. Vibration
environmental testing shall occur prior to the Engineering Model hardware testing.

4. Analytical Model Requirements

A favorable external review, as defined in NASA-STD-7009, is required for each model of a
significant failure mode. These models shall be used to perform a probabilistic risk assessment
according to NASA’s Procedural Requirement NPR 8705.5.

The standard specifies that a margin of at least 50% be demonstrated by analysis and test for thruster
operating time at each throttle level, although assessment at the worst-case operating points is permitted if
they can be identified. As noted above, a margin of 50% only protects against failure modes with narrow
failure probability distributions (high values of 8). However, the purpose of modeling in part is to under-
stand how much margin is required for a given failure process and the analysis may show that more than
50% is needed for low failure risk. Allowing the primary wear test be conducted on a development model
thruster (section D.2) reflects the reality that a sufficiently long wear test must often be started early in the
development. The risk, of course, is that subsequent design changes will render this test unrepresentative
of the flight hardware, which is why section D.3. requires verification that the engineering model hardware
behaves similarly. The minimum test experience must demonstrate both 100% of the required total impulse
and accumulated damage equal to what is expected in the mission. As noted above, the specified percentage
is arbitrary, but this is considered the minimum required to gain confidence that all potential failure modes
have been identified and the evolution of the wear is understood. Finally, an external review of the modeling
is required, which is consistent with recent NASA requirements for verification and validation of models and
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simulations used in decision-making 31!

An abbreviated form of the specification has also been incorporated in JPL’s Design Principles2 This
guideline includes the same margin and test time as the more detailed proposed standard:

4.7.3.4 FElectric thruster life margins—Electric thrusters shall demonstrate by life test a total
impulse capability of 100% of the planned worst-case mission usage, and by test or analysis, a
margin of at least 33% (factor of 1.5 times the required life). Electric thrusters shall demonstrate
by test greater than 33% margin beyond the planned worst-case number of deep thermal cycles
(factor of 1.5 times the required number of cycles).

V.

Implementation in the Advanced Electric Propulsion System (AEPS)

Project

A. Identification and Classification of Potential Failure Processes

In the SEP TDM project, failure modes are be-
ing identified and classified through the FMEA
process. In addition to failures that have been
observed in Hall thruster components or other
similar components, we identified processes that
could lead to loss or degradation of the function
associated with each component or interface.
For each major subsystem (cathode, discharge
chamber, magnetics, thermal and mounting)
component failures were evaluated in terms of
lost function, cause, effects and potential mit-
igation. The failures were categorized accord-
ing to the scheme shown in Fig. (e.g. design
flaws, wearout, material flaws, workmanship er-
rors). Risks were then assigned by assessing
severity, likelihood and detectability for each
mechanism. Each failure cause was evaluated
for when it would likely be detected, prevented,
or retired (e.g. design analysis, assembly inspec-
tion, qualification test, acceptance test, wear
test). Figure 12| shows the number of potential
failure modes by category.

120

80

60

Figure 12. Potential failure modes for the AEPS 12.5 kW
Hall thruster grouped by type.

The objective was to try and capture every conceivable path to failure, so many of these failure modes are not
credible (such as structural failure of the back pole during launch) and will be screened out in design analysis
or inspections. The plan for addressing each of these potential failure modes is summarized in Fig. The
risk ratings and detectability assessment were used to identify the critical subset of these potential processes
that are likely to be the life-limiters. These include:

e Pole erosion

e Cathode emitter erosion or activator depletion

o Heater failures due to time-at-temperature or thermal cycling

e Electromagnet failures due to thermal cycling

e Discharge channel cracking

e Ground test failures due to shorts from spalling deposits, performance changes from carbon deposition,
or change in thermal properties due to deposition or erosion

e Keeper and cathode orifice plate erosion
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e Keeper-cathode shorts

The FMEA is being updated as new information becomes available and is being used as a tool to develop
inspection, test, and analysis plans.

B. Three Examples of Hall Thruster Wearout Failure Modes

The SEP TDM program is following the require-

ments outlined above for the life qualification 300
of the AEPS thruster. Three of the dominant
failure modes identified in the FMEA process
provide examples of the range of approaches we

Materials
. . . 200 Choice
are employing to satisfy these requirements. A
potential failure mode for the cathode assembly ;5 Niaterial i
. oL . aterial Flaws
is a shorted or open condition in the cathode and Workmanship
4’6 & QQQ.

heater. In this case it is feasible to test multi- 1
Wearout and
I Misuse
1.
- & & & ~
,-5:‘} 2 4@ &’ @s\ Qz" 4

250
Design and

(=3
=

ple units at the component level. Previous test
experience indicates that the failure probability
distribution is sufficiently narrow that a more
conventional approach based on statistical anal-

w
o

& X
ysis of data from cycled heater tests will demon- T & & \«"’é@ & & 08 \’--‘!ﬁ}‘\c \2_@‘?'
strate high reliability. However, other focused @13\ 4_;,;‘\6 o\@@ \\\c"\ o

tests and analytical modeling of the dominant &

heater failure processes will be used to supple-

ment life demonstration in cycled tests. Figure 13. Plan for retiring potential failure modes for the

L . AEPS 12.5 kW Hall thruster. The bar height represents
Loss of electron emission capability due to bar-  the number of potential failure modes remaining after each
ium depletion is considered to be the dominant event.

failure mode for the emitter in the hollow cath-

ode assembly. The models of barium depletion are relatively mature and the drivers are well-understood
from ion engine experience2334 The effect of time-varying currents experienced by the cathode in Hall
thrusters is currently being investigated, but the expectation is that analysis and test will show that the
time-to-failure for this mechanism is sufficiently far beyond the lifetime requirement that a full probabilistic
risk assessment is not required.

Erosion of the inner front pole, which is currently considered to be the first failure mode for the thruster,
is not as well-understood. The carbon pole cover is an engineering solution that will provide adequate life
based on measured erosion rates. The models of the erosion process are becoming more mature, but the
expectation is that the predicted lifetime will be comparable to the required life, so a full probabilistic risk
assessment may be required. Because this failure mechanism is more complex it is discussed in more detail
in the next section as an example of the full 12 step process.

C. Hall Thruster Pole Erosion As a Detailed Example of the Life Qualification Process

Erosion of the ceramic discharge channel was previously considered the main life-limiting process in Hall
thrusters. Channel erosion has been eliminated as a credible failure mode in the AEPS thruster through the
use of magnetic shielding 538 Magnetic shielding involves a carefully engineered magnetic field topology and
discharge chamber configuration that prevents bombardment of the discharge channel wall by high energy
ions. This is the first thruster designed from the outset to incorporate magnetic shielding and a number of
experiments and simulations have verified that discharge channel erosion has been eliminated B%4% Erosion
of the inner front pole appears to be a consequence of magnetic shielding, which moves the acceleration
zone further downstream and produces potential gradients at the edge of the beam that result in greater
divergence of high energy ions. This is now thought to be the life-limiter for shielded Hall thrusters, although
the rates of pole erosion are much lower than the rates of channel erosion in unshielded thrusters*! resulting
in much longer lifetimes.
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The SEP TDM project is using the 12-step program outlined in Section [F] to assess the failure risk associated
with pole erosion. Each of the steps is discussed in detail below as an example of this process.

1. Step 1: Identify the Relevant Failure Modes

Pole erosion was first observed in a 150 hour wear test of the HGMS at 300 V (2000 s Isp) and 6 kW and
was further characterized in a series of short duration wear tests, including a 100 hour test at 800 V (3000 s
Isp) and 9kW 2% A second 150 hour wear test at 300 V and 6 kW incorporated a sputter-resistant graphite
pole cover instrumented with radial strips of molybdenum, which served as masks for the graphite cover
and were themselves masked so the wear rate could be measured on them as well? The masks provided
uneroded reference surfaces that could be compared to the eroded surfaces using an optical profilometer.
These measurements yielded graphite erosion rates of 25-71 pum/khr and molybdenum wear rates of 120-270
pm/khr. The erosion profile peaked at inner and outer edges of the face of the graphite cover.

A subsequent 1722 hour test of TDU-1 was conducted to characterize wear rates in the HERMeS thruster 42
The test consisted of four segments with several different configurations. The erosion profiles were similar to
those observed on the HGMS pole cover, with rates on graphite that ranged from 10-45 pm/khr and rates on
molybdenum of 100-600 pm/khr. A systematic variation in the erosion rates for both materials by up to a
factor of two between various test segments was noted. These initial observations indicated that pole erosion
was an important new wear process with rates that could threaten the function of the magnetic circuit on
time scales similar to required lifetimes. The apparent variability of the erosion rate between test segments
was also a concern because of its implications for the width of the failure distribution.

2. Step 2: Identify the Fundamental Physical Mechanism for the Wearout Process

The surface texturing noted in early tests was clearly due to sputter erosion from high energy ions. Subse-
quent modeling and analysis have shown that ions born at high potentials near the beam edge can impact the
pole, contributing to erosion. There is also experimental evidence that the cathode plume may be a source
of high energy ions that could contribute to pole erosion; however, the physical mechanisms for ion acceler-
ation from the beam edge at low voltages (300400 V) and from the cathode plume and are not currently
understood. Key tests to illuminate the mechanisms include time-averaged and time-resolved Laser-Induced
Fluorescence (LIF) measurements of ion velocities in the main plume, beam edge, and cathode plume of
the thruster, as well as ion energy measurements in cathode components and plasma density and potential
measurements in the cathode plume. Simulation activities include refined modeling of the structure of the
electric potential at beam edge, motion of the acceleration zone, and cathode plume modeling to determine
ion fluxes and energies.

3. Step 3: Define Drivers of the Failure Mode

Experiments and modeling have shown that the primary drivers are discharge current and voltage, amplitude
of current oscillations, magnetic field magnitude, and the location and movement of the acceleration zone.
To determine the primary drivers, the erosion characteristics of a molybdenum cover on the inner front pole
of the TDU 2 Hall thruster were measured over a wide range of operating conditions*? The operating points
included the nominal 300 - 600 V conditions on a constant 20.8 A throttle curve, as well as conditions at
other currents spanning the throttling envelope and with varying magnetic field strength, facility pressure,
and discharge voltage oscillation amplitude. Molybdenum was used to accelerate the wear rate, and this
in combination with a very sensitive, radioactive tracer-based erosion diagnostic allowed test durations of
6 to 14 hours. Surprisingly, the results show that the highest wear rates occur at the lowest voltages and
currents, as shown in Fig. The wear rates were insensitive to discharge voltage ripple, but increased
monotonically with magnetic field strength, particularly near the inner radius of the pole cover. These
trends were subsequently confirmed in longer duration tests with a graphite cover /44

The erosion measurements at a number of operating points indicated high erosion rates at the inner face and
the inner diameter edge of the pole cover, which suggested that the cathode could be an additional source of
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Figure 14. Erosion rates measured at a range of discharge currents for discharge voltages of 300—600 V.

high energy ions. To test for this, a separate cathode experiment was performed and high energy ions were
indeed observed at the conditions with high wear rates at these locations, as shown in Fig. Additional
measurements to further characterize this source of high energy ions are currently underway.
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Figure 15. Ion energy distributions measured in cathode experiments simulating thruster operation at 300 V
with varying currents, displayed on linear and semilog plots.

4. Step 4: Develop a Model of the Failure Process

The Hall thruster simulation code Hall2De is being used to model pole erosion. Hall2De was originally
developed at JPL to study discharge channel erosion**B% and was not initially well-suited for modeling
pole erosion. However, a number of advances implemented over the last three years®®EIHSHS 514 code
benchmarking with laser induced fluorescence (LIF) measurements of the acceleration zone location®” have
made it a much more powerful tool for this application. Figure [I6] shows the basic structure of the model.
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Hall2De is a 2D axisymmetric code that employs a quadrilateral-based computational mesh aligned with
the magnetic field lines over a domain that includes the discharge channel and a region downstream that is
several times the length of the channel in the axial and radial directions. Neutral particles are modeled using
a free-molecular flow approach and continuity and momentum equations are solved for multiple charged
species populations. Electrons are also modeled as a fluid with the inertia term neglected, so it takes the
form of Ohm’s law which is solved in the directions parallel and perpendicular to the magnetic field to obtain
the plasma potential. An electron energy equation is solved for the electron temperature. Ionization, charge
exchange, and elastic collisions between the various species are included.The ion fluxes and energies are used
with measured sputter yields to determine the erosion rates in post-processing. Additional post-processing
modules yield the thruster performance parameters and heat fluxes to the thruster surfaces.

Model Inputs Model Outputs Post-Processing | Model Outputs 1. Hardware inspection and/or manufacturer specs
Hall2De
|- Charge ‘(: — 2. Hall probe measurements
Domain States .
Geometry & Discretization [ el ) 3. Macroscopic thruster measurements
materials Erosion Model :
Model
oces - vi(r2) Erosion 4 pressure gauge measurements near thruster
Magnetic Field @—> ' 0 profile )
LT (n2) . . 5. ExB probe measurements in plume
Flow Rate®—> Boundary o . .
Condition [ PR @ Thust 6. Centerline high speed probe measurements
Discharge Currenl@—> Models | . Performance Isp 7.  Wall probe measurements
Particle Model
DischargeVoItage®—> & Heat _)@ Beam 8. Laser induced fluorescence measurements
3 Fluxes
Tank Pressure®—> Paf?'a”y Current 9, Near-threshold sputter yield measurements
lonized Discharge ) .
Gas ™ Oscillations (:) > 10. Direct erosion measurements
Models Thermal Temper-
Model a,u,:s 11. Thrust stand measurements
12. Thrust stand and flow rate measurements
_ 13. Integrated beam current density measurements
Model Components O Model Validation Measurements
14. Thermocouple and thermal camera measurements

Figure 16. Hall2De model structure and validation approach.

Several model improvements, some motivated by the pole erosion problem, have proved to be essential in
getting partial agreement with the data obtained to date. In the original code the ions were treated as a
single fluid, which yielded accurate results for the beam ions responsible for channel erosion. However, in
most cases the beam ions created upstream of the acceleration zone are not responsible for much pole erosion
because their trajectories do not intersect the pole face. There are three other ion populations which do
not easily thermalize with the beam ions because of their short residence time, so they are not properly
represented by the beam ion fluid. These populations are (1) low energy ions created downstream of the
inner pole face between the beam and the cathode plume by charge exchange or cathode plasma electron
impact, (2) thruster plume ions born in the acceleration zone or further downstream in the plume which
have energies lower than the beam ions, and (3) cathode plume ions. Hall2De has been updated to treat
these ion populations as separate fluids or model them as discrete macroparticles using Particle-in-Cell (PIC)
methods 2U4LES TTF measurements of ion velocities near the inner pole and measurements of the plasma
potential have shown that the ions created locally near the pole do not have sufficient energy to cause
significant sputtering#9 However, these measurements and modeling showed that the potential distribution
at the beam edge creates a pathway for ions generated in the thruster plume to reach the inner pole and
they have been identified as a major contributor to erosion in some cases“%4% The codes do not currently
reproduce the high energy ion populations generated in the cathode plume, which is currently modeled as a
separate fluid.

A second improvement is in the way the code treats regions with low plasma density, where the Debye
length can approach or exceed the cell size in the mesh. An algorithm which provides an improved potential
calculation using the calculated space charge and Poisson’s equation led to ion densities between the beam
and the cathode that better matched experimental data, potential distributions at the beam edge that
allow thruster plume ions to turn toward the pole, and more realistic sheath potentials along the pole
face 205

Several updates to the code geometry played a role in pole erosion simulations%#2 The details of the
geometry between the discharge chamber wall at the channel exit and the outer edge of the inner front pole
have an important effect on the local potentials. A higher fidelity boundary model was implemented to
better resolve this location. The size of the overall simulation domain was also increased to more accurately
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capture the interaction between the cathode and thruster plumes. This turned out to impact thruster near-
field plume potentials, which control the energy of the ions born in the plume. A related code upgrade was
an improved model of anomalous transport in the cathode plume, which was essential to match potential
gradients measured downstream of the cathode#®

5. Step 5: Validate Key Model Components Experimentally

The circles and ellipses in Fig. [16| represent points where input or output parameters are being measured and
the numbers identify the type of measurement. These measurements are designed to document the input
parameter pedigree, validate key model subelements with intermediate parameters such as ion velocities and
plasma densities, and provide erosion data to compare with the end result of the modeling. Many of the
Hall2De model assumptions and plasma models have been validated with data from multiple thrusters over
the last 8 years!22135 Specific validation activities for pole erosion modeling are focused on the location and
motion of the acceleration zone and the actual erosion rates.

Laser induced fluorescence measurements yield the ion velocities, from which the potential distribution in
the acceleration zone can be inferred. These measurements in the HGMS and TDU-2 thrusters have been
instrumental in benchmarking the acceleration zone location for modeling. In the code, the location of the
potential gradient that accelerates the ions is determined by an empirical model of the anomalous collision
frequency. This was informed previously by probe measurements of the potential and electron temperature
in the thruster discharge, but these were found to perturb the location of the acceleration zone*¥ An LIF
system was then built to make non-intrusive measurements of the ion velocity, from which the potential
distribution could be inferred 27 These data have been used to improve the specification of the anomalous
collision frequency profile in the code, reducing a major source of uncertainty in the code results. Figure
demonstrates excellent agreement between the measured and calculated ion velocities along the centerline of
the channel with the updated anomalous collision frequency profile.

In addition, the LIF data from these time-averaged

measurements and from previous time-resolved LIF 300V -20.8A

. 30000
measurements suggest that the acceleration zone
moves during thruster breathing mode oscillations. 25000
This was simulated in the code by specifying a time- &
dependent spatial profile of the anomalous collision 520000 “__“'J‘—____-______,
frequency, allowing periodic motion of the acceler- Z15000 fr v
ation zone with an amplitude and frequency spec- § )
ified by measurements of the discharge current os- € 10000 75% Nom B
cillations from thruster tests:*” This appears to be & ®75% Nom B - LIF
a primary driver of pole erosion for certain oper- é 3000 ngnmlg _LIF
ating conditions. Time-resolved LIF measurements 0 125% Nom B
will be made in the next few months to verify the 125% Nom B - LIF
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movement.

The radioactive tracer and profilometer measure-

ments of pole cover wear have provided data at a Figure 17. Comparison of centerline ion velocity mea-
number of operating conditions to help validate the sured X)ith LIF (points) and calculated by Hall2De
Hall2De results. Figure shows the maximum (lires)-

wear after 34,500 hours (1.5 times the lifetime re-

quirement) predicted by Hall2De and inferred from erosion measurements for the four nominal AEPS thruster
operating points#? The Hall2De results for the 600 V, 20.8 A condition agree reasonably well with measured
wear rates ¥ The data are generally higher than the prediction by 50-100%, and radial profiles of erosion
rates show that the worst agreement is at the outer radius of the pole face. The predicted profile drops
monotonically with radius, whereas the SLA and profilometer measurements generally show flat or increas-
ing rates at the outer radius. Initial models of wear underpredicted the rates drastically22% and the recent
success in modeling this condition is primarily due to three of the code improvements discussed above. The
addition of the space charge algorithm increased the predicted wear by about a factor of two. The improved

22
Space Propulsion 2018 Conference
Seville, Spain, May 14—18, 2018



boundary geometry between the channel exit and the pole edge increased the predicted wear rate by a factor
of about three to five. Finally, including motion of the acceleration zone led to an order of magnitude wear
rate increase. These results highlight the importance of the local potential in deflecting plume ions toward
the pole and the location of the acceleration zone. Displacement of the acceleration downstream results
in higher potentials downstream of the channel exit and gives more high energy ions a line of sight to the
pole face. The discrepancy at the outer radius of the pole suggests that further improvements in the local
potential model may be required.

The radioactive tracer erosion data indicated that
the 300 V, 20.8 A condition is the worst case of the
nominal throttle points. This finding motivated the *
subsequent short duration wear tests using TDUs
1 and 3, which confirmed the result. In this case
the model underpredicts the erosion rate by a fac-
tor of five to ten*? The LIF data indicate that
the location of the potential profile is not very dif-
ferent at 300 V compared to the mean position at
600 V, but there was no evidence of significant mo-
tion4” The discharge current oscillation amplitude
was much smaller than at the 600 V case, so the dis-
placement of the acceleration zone that was crucial
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required to correctly model the potential gradient

along the magnetic field lines*” There is either an additional force that is not included or the model of

electron transport along the magnetic field is not quite accurate, leading to lower beam divergence. The

divergence of the beam ions is not likely to be the cause of the pole erosion at this condition because their

trajectories will not intercept the pole. The beam edge potential that causes divergence of the beam ions

may also more significantly influence the trajectories of ions generated in the plume which can strike the

pole, however.

Additional model validation efforts include ongoing LIF measurements of the ion flow field at the beam edge
and in the cathode plume, more detailed measurements of the acceleration zone movement, ongoing cathode
ion energy measurements with time-varying currents, an ongoing wear test of TDU-3, a longer duration test
of the EDU thruster, and the final wear test of the qualification thruster. Model validation will continue
throughout the duration of the AEPS project.

6. Step 6: Characterize Drivers in the Thruster

The primary drivers are listed in Step 3. Many of these have been characterized in thruster tests. For
example, the discharge current and voltage oscillations measured over the throttling envelope with TDU-2
are summarized in Fig. The vertical bars in the plot represent the peak-to-peak amplitude of the current
oscillations and the horizontal bars are the corresponding peak-to-peak voltage oscillation amplitude. The
symbol size is proportional to the frequency of the oscillations, as shown in the legend in the upper right.
The symbol colors correspond to particular mean current levels and in some cases the data points have
been shifted slightly in voltage to more easily distinguish the vertical bars. The data show that the current
oscillation amplitude increases with discharge voltage and is particularly low for the 300 V cases. Two
oscillatory modes are apparent—a low frequency mode at lower currents and voltages and a higher frequency
mode that occurs as voltage and current are increased. Current experiments are focused on characterization
of the acceleration zone motion and the cathode plasma conditions.
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7. Step 7: Determine the Effects of the Environment

The main concern with pole erosion is the effect of
the ambient pressure in ground test facilities. Some 40

variation in erosion rate with different facility pres- ] Symbol Size: ;Zok:;
sures has been observed. For example, the radioac- _ 301 + + ’ ot
tive tracer measurements showed that increasing the ]

chamber pressure from 15 to 27 pTorr had no im-

pact on erosion in the middle or outer face of the ﬁ_ B
molybdenum cover, but decreased the erosion rate 1

at the inner diameter edge and inner face by about 2 .1 L L
a factor of two43 A similar reduction was observed ]

in graphite covers, but the same tests showed an in- 1

crease in rate for molybdenum** The differences
are on the order of variability in the rates measured
at constant pressure, so it is not clear if they reflect
a real effect of pressure. The LIF measurements Figure 19. Discharge current and voltage oscillation
showed that a factor of two increase in facility pres- amplitude and frequency for the test conditions.

sure resulted in movement of the acceleration zone

upstream by about 5% of the channel length. Incorporating this in the Hall2De simulation led to a drop in
the erosion rate of approximately 20%. This is an ongoing area of research, and additional LIF measurements
and modeling are underway to ensure that the model accurately captures erosion characteristics of the space
environment.
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8. Step 8: Develop a Deterministic Failure Prediction

Failure in this case is defined as the point in time when the graphite pole cover is penetrated by sputter
erosion. this is quite conservative as far as the magnetic circuit function is concerned, because it would be
unaffected by loss of the cover. In fact, parametric magnetic field simulations show that the inner front
pole can suffer significant erosion before the field strength or shape in the channel is affected. However,
we were concerned that through could liberate pieces of the cover which could short the cathode keeper-
to-body gap, for instance. The current nominal wear prediction plotted in Fig. shows adequate margin
against this failure mode at 600 V. The model cannot yet reproduce the measured erosion for the lower
voltage operating points, so no assessment of failure risk can be made at this point based on the model. The
nominal deterministic life prediction will be updated periodically as the models mature. We are currently
defining the worst case model input parameters to define the worst case life. The expectation is that this
result will not have adequate margin and the uncertainties in the primary drivers will have to be reduced by
additional analysis and testing.

9. Step 9: Quantify Intrinsic Variability and Uncertainties in Model Input Parameters

Planned experiments and analyses are designed to characterize the variability in the key input parameters.
These include measurements of the sensitivity of acceleration zone motion to thruster and environmental
parameters using time-resolved LIF, characterization of the variability of discharge current and voltage to
operating conditions and from thruster-to-thruster, variations in the fluxes and energies of ions that impact
the pole, and uncertainty in sputter yields at relevant energies. The erosion data show variations in rates
of up to a factor of two at otherwise identical operating conditions or test segments. This variation may be
due to experimental errors or to intrinsic variability in the erosion drivers.

10. Step 10: Determine Model Uncertainties/Limits of Applicability

Initial steps have been taken in benchmarking model accuracy with wear test data, as described above.
Ultimately this will be combined with an assessment of the range of applicability for each code module based
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on the underlying physics and approximations to define the uncertainty in the model formulation (which is
distinguished from uncertainty in model inputs).

11. Step 11: Develop Probabilistic Framework for Risk Analysis

If the uncertainties in model inputs and potential model errors result in large uncertainties in the predicted
lifetime compared to the required life (in practical terms, if the predicted lifetime is not much, much greater
than the life requirement), a full probabilistic risk assessment will be performed. The first step in this process
is to define probability distributions with capture the uncertainty and variability in the input parameters.
Second, a Monte Carlo simulation framework will be developed in which model inputs are drawn randomly
from the input parameter distributions and used to predict the time to failure. It will not be feasible to embed
the Hall2De simulations in the Monte Carlo analysis (which will require tens of thousands of simulations),
so a response surface will be constructed for a smaller number of simulations that span the range of input
parameters. In the Monte Carlo simulation, model output values will be interpolated from the response
surface for the input parameters. The framework will have to include the capability to calculate the wear at
each throttle level for specific mission profiles.

12.  Step 12: Quantify Life Margin

The results of the Monte Carlo simulation will be used to infer the failure distribution, from which the
reliability for a given mission duration can be calculated. Additional modeling and tests may be necessary
to reduce the uncertainty of the main drivers if it results in unacceptable failure risk. This probabilistic
assessment will be updated as new data are obtained from ongoing wear tests and as candidate mission
throttle profiles become more well-defined.

VI. Summary and Conclusions

Hall thrusters offer great promise for human and robotic exploration missions because of their performance,
but qualifying them for the long burn times required in low thrust missions is challenging. The traditional life
qualification method, a single wear test of 1.5 times the required mission life, is not sufficient to demonstrate
low failure risk. Longer duration testing or testing more units is not feasible given typical mission development
schedules.

The SEP TDM project is following an approach outlined in the proposed NASA life qualification standard3®
and in the JPL Design Principles®? to qualify the 12.5 kW AEPS Hall thruster. Thruster wear testing is
not used to directly assess reliability, but to help identify the dominant wearout failure modes, guide and
validate physics-based models, and characterize failure mode drivers. Modeling and simulations are then
used to assess the failure risk. This approach has been successfully applied to the ion propulsion system on
the Dawn spacecraft.

A Failure Modes and Effects Analysis is being used to help identify and document potential failure modes
for the engine. These have been classified by cause, and the life qualification plan shows that the vast
majority of these can be eliminated during development, qualification, and acceptance testing by conventional
conservative design, margin testing, inspections, and standard quality assurance controls. A small subset
of the identified failure mechanisms are wearout modes that have to managed primarily by analysis. Many
of these can be shown to have such large margins that detailed analysis is unnecessary. For a few, detailed
probabilistic failure analysis is likely to be required.

Erosion of inner front pole cover and ultimately the pole itself is currently considered the first failure mode
for the thruster. Physics-based models of the sputter erosion due to the discharge and cathode plasmas
are being developed and validated with measurements of plasma properties and wear rates. The models
currently reproduce the erosion observed at the 600 V to within about a factor of two, but significantly
underpredict the erosion at 300 V. The current focus of the life qualification effort is improving the fidelity
of the models, particularly for low voltage operation. A ongoing wear test which will accumulate up to 15%
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of the required lifetime and a planned test of 100% of the required life will provide the final validation data
for the modeling.

Most of the required thruster capabilities, although difficult to achieve, can be demonstrated in relatively
short duration tests or using mature analysis tools. Lifetime is uniquely difficult to validate, although one of
the most critical parameters for a system that will be attached to a multi-billion dollar spacecraft on which
astronauts rely. Success requires a commitment to an ambitious testing program and diligence in developing
and validating the required models. With this approach, however, a project can demonstrate low risk of
failure with high confidence.
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